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Abstract 
The development of cleaner, more efficient ways to power our homes and businesses is vital if we are to address 
climate change and energy security issues. This paper presents the design, construction and testing of a 1 kW, 
cylindrical high speed permanent magnet synchronous generator for use in a domestic combined heat and power 
(CHP) system, employing a turbocharger operating as a small gas turbine. High speed test results are included 
together with a critical speed analysis of the generator set. The suitability of the inverted Brayton turbine cycle as an 
operating mode for the unit’s turbocharger is also discussed. 
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1. Introduction 
The potential environmental and economic benefits of small scale CHP in the home have been widely 
recognized in recent years. A substantial fraction of a household’s electrical power needs may be supplied 
from a micro combined heat and power unit integrated into the house heating system. The unit would 
operate in the simultaneous presence of a demand for heat and electricity. Electricity would be imported 
from the mains to deal with peaks in the household’s requirements. Similarly, when the heat demand 
exceeds the capacity of the unit, the existing boiler would be used to supply the extra demand. Fig. 1 
shows a diagram of the energy flow in a house with a domestic CHP system. In analyzing the system, the 
lowest payback period on the initial investment was previously found to be for a unit with an electrical 
output of 1 kW [1, 2]. 
Most prototype systems aimed at this market use Stirling engines that tend to suffer from high initial 
costs and/or low efficiencies [3, 4].  An alternative generation system, forgotten in the quest for an 
Available online at www.sciencedirect.com
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of KES International
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
250   Bobby P. James and Bashar Zahawi /  Energy Procedia  42 ( 2013 )  249 – 260 
efficient Stirling engine, is obtained by employing a turbocharger as a small-scale gas turbine. By 
combining the turbocharger with the basic constituents of a conventional domestic boiler, i.e. a burner and 
a heat exchanger, a relatively low cost small-scale gas turbine prime mover could be produced, with low 
maintenance requirements, no reciprocating parts and a long life. By connecting the generator directly to
the turbocharger’s shaft, the need for a mechanical gearbox could be removed. This would further reduce
the capital outlay, remove the gearbox’s power losses and lubrication needs and reduce the system parts
count. Furthermore, coupling the alternator and turbocharger increases the speed of the alternator’s shaft 
and consequently reduces its size for a given power output.
Direct drive turbo generators are commercially available for small-scale CHP schemes using specially
developed gas turbines as the prime mover. There is also a great deal of commercial interest in high-
speed, direct-drive generating units for electric and hybrid vehicles [5, 6]. Other smaller machines have
also been built, but few have been designed to produce an output as small as 1 kW. In this paper, the 
design and construction of a 1 kW high-speed alternator for a turbocharger based domestic CHP unit is
described. For testing the alternator at high speeds, a method was required such that it could be tested 
separately from the CHP unit, yet be easily integrated into it. By replacing the compressor on a
conventional turbocharger with the alternator, a turbogenerator was built which could be rotated with
compressed air for testing. A critical speed analysis of the turbogenerator is carried out using a simple
approximation based on the static deflection of the shaft. Other high-speed test results, including 
measurement of power losses, are presented. The possibility of employing the inverted Brayton turbine
cycle as an operating mode for the unit is also discussed.
Fig. 1. Energy flow in a house with domestic CHP
2. Generator configuration
In a review of possible generator topologies, the permanent magnet synchronous alternator, of a
cylindrical or disc configuration, was considered to be the most appropriate for this application. This is
because of their higher efficiencies, absence of field windings and ease of construction relative to other 
possible generator topologies used in the past to rotate at around 30,000 rpm or higher, such as flux switch
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alternators, brushless homopolar generators, switched reluctance machines and induction generators. A
more detailed analysis was then undertaken to determine whether a cylindrical or disc configured machine
was more appropriate for the domestic CHP unit. Figs. 2 and 3 show the basic cylindrical and disc
configurations compared in the analysis. Four major areas where considered: magnet type, potential
windage losses, retaining shell material and machine output power.
2.1. Magnet type
Due to the small size of the alternator, high power/low volume magnets were required. Rare-earth
NdFeB magnets may be cheaper than SmCo magnets but their maximum temperature of operation was
considered too low for use in an alternator close to high temperature equipment. Therefore, SmCo
magnets were chosen because of their ability to operate at higher temperatures.
2.2. Windage loss
Formulas predicting windage losses of rotating masses are invariably theoretical functions
approximated to practical results. Assuming turbulent flow, (1) gives one such formula for predicting
windage losses Wdisc for a disc alternator rotating in the compressor duct [7].
5152351454 μωρ3110 R.Wdisc  (1)
where U is the density of the surrounding air, Z is the rotational speed of the disc, R is the outer radius of 
the disc and P is the coefficient of viscosity of the air.
Fig. 2. Cylindrical configuration showing flux path
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Fig. 3. Disc configuration showing flux path
The winding losses in a cylindrical machine consist of the losses due to frictional drag on its ends,
which may be approximated to the losses of a similar sized disc, and the losses due to frictional drag on
its cylindrical surface. Fuchs and Frank [7] quote a formula for the latter case losses Wcyl based on
mathematical extrapolation of experimental data.
fcyl clR.W
43ωρπ50 (2)
where l is the length of the alternator and cf is the friction/drag coefficient, which is a function of the 
Reynolds number.
For an output power of 1 kW, (1) and (2) indicate that the overall rotor radius should not exceed
15 mm in order to limit windage losses to around 1%.
2.3. Retaining shell
In assuming that the magnet is not a stressed component of the rotor, Consterdine et al [8] analyzed the
mean circumferential stress in the retaining shell and produced the equation:
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where Nb is the bursting speed in rpm, Rr is the outer rotor radius, Rm is the magnet radius, O is a safety
factor usually assumed to be 0.9, Js and Jm are the densities of the retaining shell and the magnet,
respectively, and Vs is the tensile strength of the shell.
Equation (3) can be used to determine the maximum allowable magnet radius for a given rotor radius
and bursting speed. Thermodynamic design calculations based on the inverted Brayton turbine cycle (see
section 8), had showed that a small turbocharger would produce the required power output at a speed of 
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around 125,000 rpm. For a bursting speed of 250,000 rpm, chosen in line with gas turbine practice where 
the bursting speed is double the turbine design speed, (3) shows that for a rotor radius of 15 mm, the 
magnet radius for a stainless steel retaining shell (Js = 7822 kg/m3, Vs = 1050 MPa) would be around 9 
mm, and for a carbon fiber shell (Js = 1600 kg/m3, Vs = 745 Mpa), 11 mm. This increase in magnet 
volume would increase the power available from the generator for a given geometry. 
2.4. Output power 
In determining generator output powers, a simple 2-pole arrangement, as shown in Figs. 2 and 3, was 
considered for each generator. This would have the benefit of producing the lowest frequency output and 
avoiding any out of balance magnetic forces. The output power was derived by considering the 
interaction between the air gap flux density and the stator surface current density of each machine and 
calculating the reaction torque of the winding. 
Ignoring power losses and assuming no saturation in the stator laminations, a simple expression may 
be derived for the output power Pcyl of the cylindrical machine: 
Icosωπ 2 lRJBP bsscyl    (4) 
where Bs is the peak air gap flux density, Js is the peak stator surface current density, measured in 
Amps/m, R2 is the radius of the stator bore, l is the active length of the cylindrical machine, Z is the 
angular speed and cosI is the power factor. 
Similarly, for the single-sided disc alternator shown in Fig. 3, the output power Pdisc is given by: 
Icosβcosω
3
4 3
mmdisc RJBP    (5) 
where B is the airgap flux density in the interpolar areas, Rm is the outer magnet radius, Jm is the stator 
surface current density at r = Rm and E is the rotor’s half interpolar angle. 
Equations (4) and (5) may be used to calculate the alternator output powers for various speeds and 
rotor diameters. Assuming a power factor of 0.8, a value of Jm = 10 kA/m, an airgap of 0.5 mm, a magnet 
length of 10 mm and a value of  E = 30q, so that the magnets span two thirds of the rotor surface, equation 
(5) shows that a single sided disc alternator, with low windage losses, will not produce the required 1 kW 
output. In order to increase the output power of the disc alternator either the length of its magnet, its 
electrical loading or the number of rotor and stator discs would have to be significantly increased, 
increasing the overall length of the rotor and complexity of generator construction. Equation (4), on the 
other hand, shows that at the same power factor and for the same electrical loading and air gap, the 
cylindrical alternator will produce the required output with either retaining shell. The length of the 
cylindrical rotor magnet was assumed to be 30 mm, a value large enough to produce the required output 
but as short as possible to maximize the first critical speed of the machine. Despite the carbon fiber shell 
allowing a greater output power for a given rotor radius, the stainless steel shell was chosen due to its 
ease of construction and lower cost. 
It was thus concluded that a Samarium Cobalt permanent magnet cylindrical 2-pole synchronous 
alternator, with a stainless steel retaining shell, was the most suitable choice for our turbocharger driven 
domestic CHP unit.  
3. Generator design and construction 
The design and construction of the alternator is described below. A summary of the  main parameters 
of the alternator is given in Table 1. For a bursting speed of 250,000 rpm and an airgap of 0.5 mm, (3) 
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and  (4) show that an outer rotor radius of 14 mm, and a magnet radius of 8.8 mm, would produce the 
maximum power output from the alternator. Increasing the magnet radius to 10 mm increases the power 
output and makes the magnet easier to specify. For the same outer radius of 14 mm, this reduces the rotor 
bursting speed to around 210,000 rpm, which was considered adequate. 
The tooth width and backing iron depth of the stator were sized to avoid saturation within the stator 
laminations. Using a 1:1 slot/tooth ratio, this allowed a simple stator construction with 12 slots and a 
double layer winding at a coil pitch of 5S/6. 36 turns per phase were used to produce a stator voltage of 
140 V at the design speed. For an output of 1 kW, this requires a phase current of 2.3 A, which translates 
into a stator surface current density of 7.5 kA/m. The slot packing factor of the stator was 0.3. 
The stator itself was made of 0.1 mm thin laminations of Supra 50, a Nickel/Iron alloy, which has low 
iron losses at high frequencies. The laminations were wire eroded to minimize the short circuits to eddy 
currents at the cut edges and then surface coated in a thin layer of insulation. The stator was made slightly 
longer than the rotor to aid capture of any stray non-radial flux. 
 
Table 1. Generator parameters 
Magnet 
remanence 
coercivity 
density 
SmCo 
1 T 
750 kA/m 
8300 kg/m3 
Number of poles 2 
Magnet length 30 mm 
Magnet radius 10 mm 
Retaining shell 4 mm, stainless steel 
Rotor radius 14 mm 
Air gap 0.5 mm 
Stator stack length 37 mm 
Overall stator diameter 70 mm 
Tooth width 3.6 mm 
Backing iron depth 10 mm 
Winding arrangement 3-phase, double layer, 4 coils/phase 
Number of turns 36 turns per phase 
Slots/pole/phase 2 
Coil pitch 5π6 
 
4. Stator inductance calculations 
An important parameter for any high speed machine is its leakage inductance. The inductance of the 
stator winding can be attributed to leakage flux in the windings, which can be separated into three types: 
slot leakage flux, bore leakage flux and end turn leakage flux. Two-dimensional Finite Element analysis 
of the stator cross-section was used to estimate slot and bore leakage inductance. Fig. 4 shows a plot of 
the flux lines produced by the magnet, at an angle of 45q to the horizontal. The analysis estimated the 
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self-inductance of a single phase to be 0.14 mH and the total inductance of a phase, when generating a 
three phase supply to be 0.27 mH. 
The end turn leakage inductance was estimated at 0.1 mH using the formula given by Liwschitz-Garik 
and Whipple [9] giving a total phase leakage inductance of 0.37 mH. This value was experimentally 
verified with a series of short circuit tests at low speeds. 
 
Fig. 4. Generator flux lines 
5. High speed test results 
In constructing the turbo generator test rig, the turbine and bearing housing were taken from a small 
commercial turbocharger. The alternator’s rotor was then connected to the shaft of the turbocharger via a 
stainless steel mating piece in place of the compressor. Extra high speed ball bearings were added at the 
opposite end of the rotor for extra support. The turbocharger was suspended above the base plate to allow 
adequate space for the oil outlet piping.  The oil inlet pipe contained a small filter to prevent any grit 
entering the turbocharger bearings. 
The turbogenerator was connected to a high volume compressor with a large reservoir to drive the 
alternator with compressed air.  The compressor developed a pressure in the reservoir between 90 and 95 
psi. It was connected to the turbocharger via a two-inch bore pipe to the inlet of the turbine. An 
accelerometer was placed on the ball bearing housing to measure the vibrations in the rotor shaft, and an 
optical tachometer was used to measure shaft speed.  Test measurements were obtained up to 36,000 rpm. 
Above this speed shaft vibration was measured at 5g and it was considered too hazardous to operate under 
those conditions for a prolonged duration. 
Fig. 5 shows a plot of the measured rms open circuit voltage along with the predicted design voltages 
at different speeds. Fig. 6 shows measured open circuit stator voltages at 32,000 rpm. Figs. 7 and 8 show 
measured stator voltage and current waveforms at 32,000 rpm for a resistive load and an R-L load, 
respectively. For a load current of 3.4A, corresponding to a stator winding current density of 3 A/mm2, 
the alternator produced an output of 360 W at a quarter of its design speed. Extra power could be obtained 
by increasing the electrical loading or by producing a new rotor piece with increased magnet radius and 
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reduced retaining shell thickness, for a smaller bursting speed. This would have the added benefit of 
reducing eddy current losses. 
The excessive vibration in the alternator could be attributed to a number of constructional problems. 
Firstly, because of the size of the turbogenerator, individual supports had to be machined separately rather 
than being bored along a line when clamped to a base plate to reduce tolerances and secondly, the high 
level of accuracy required in balancing the machine. Also, the problem could be symptomatic of mixing 
floating and rigid bearings on the small shaft. 
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Fig. 5. Measured and predicted open circuit stator voltage 
 
Fig. 6. Three-phase open circuit voltages at 32,000 rpm, 50 V/div, 1ms/div 
V 
50V/div 
 
I 
5A/div 
 
Fig. 7. Voltage and current waveforms at 32,000 rpm for a three phase resistive load; R = 9 :, 360 W output power, 1ms time base 
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Fig. 8. Voltage and current waveforms at 32,000 rpm for a three phase inductive load; R = 9 :, L = 2.4 mH, 150 W output power, 1 
ms time base 
6. Power loss calculations 
Due to the difficulties in measuring the input power into the turbine at a constant speed, a series of 
acceleration/ deceleration tests were conducted to estimate the level of power losses in the turbogenerator. 
Power losses in the turbogenerator, may be calculated by measuring the deceleration of the machine 
through its operating speed, with no load or input power to the turbine, since they are the only cause of 
the decelerating force. 
ωαdecaloss IP    (6) 
where Ia is the moment of inertia of the turbogenerator and Ddec its angular deceleration.  
By measuring the change in stator output voltage around 32,000 rpm the deceleration of the 
turbogenerator was measured at 1225 rad/s2. The moment of inertia of the turbogenerator was measured 
separately from a low speed test as 184.8u10-6 kgm2 giving a total power loss of approximately 750 W. It 
was felt that a substantial portion of these losses could be attributed to mechanical losses of oil fed 
turbocharger bearings. To determine these losses, the stator was removed from around the rotor and 
replaced by a search coil around the magnet. Several more acceleration/deceleration tests were carried 
out. This test would examine any decelerating losses associated with the turbocharger bearing losses and, 
to a certain degree, windage losses. An example is shown in Fig. 9. Deceleration was measured at 1142 
rad/s2 indicating a power loss of approximately 700 W. Calculated iron losses from iron loss curves for 
Supra 50 laminations used in the stator were around 1 W. This suggests that rotor iron losses were of the 
order of 50 W. 
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Fig. 9. Search coil voltage acceleration/deceleration test, 20 V/div, 2 sec/div 
7. Critical speed analysis 
To calculate the critical speeds of the turbogenerator, it was assumed that its plain bearing could be 
approximated to a rigid bearing and that the shaft extension through the ball bearings could be ignored. 
Two concentrated masses, representing the turbine and the rotor, positioned at specific points on a 
weightless shaft are shown in Fig 10. The critical speeds of this arrangement were calculated by 
considering the static deflection in the shaft produced by the two masses. 
Deflection was calculated from the shaft’s flexibility influence coefficient G12 defined as the deflection 
of the shaft at point 1 caused by a mass at point 2, calculated from beam deflection theory. The shaft is 
thus deflected a distance FaGaa at the alternator’s center of mass and a distance FaGat at the turbine’s center 
of mass, where Fa is the force on the shaft due to the vibration of the alternator. Similarly, the turbine 
mass produces deflections FtGtt and FtGta at the turbine and alternator centers of mass, respectively. 
Considering the shaft dynamically, the forces causing the deflection can be attributed to the inertia of the 
masses in vibration. xa and xt, the total deflections of the shaft at the two centers of mass, are thus given 
by: 
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where ma and mt are the alternator’s and turbine’s mass and Gaa, Gta, Gat and Gtt are the flexibility influence 
coefficients for the system. Assuming sinusoidal variations with time and re-arranging (7), we obtain: 
0
1
1
22
22
 ¸¸¹
·
¨¨©
§
¸¸¹
·
¨¨©
§


t
a
tttata
tataaa
x
x
mm
mm
GZGZ
GZGZ   (8) 
The critical speeds of the shaft are given by the determinant of the leading matrix, which suggested 
critical speeds at around 18,000 and 52,000 rpm. The turbocharger was then placed in a test facility and 
rotated up to 60,000 rpm to measure bearing vibrations. Definite vibration peaks at 17,000, 28,000 and 
55,000 rpm were measured with an accelerometer placed on the turbocharger. The first and last peaks 
correspond closely to the calculated critical speeds. A more detailed analysis should predict the middle 
peak, which was attributed to a number of possible factors such as oil whirl, the inflexible coupling 
between the rotor and the mating piece or the inaccuracy of considering the plain bearing as a rigid 
system. 
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Fig. 10. Turboalternator assumptions for critical speed calculations
8. The inverted Brayton cycle
All commercial small-scale turbogenerator systems use the positive Brayton gas turbine cycle, where
the inlet air is compressed to a higher pressure, ignited and used to drive the turbine.  A less common way
of operating a gas turbine is illustrated in Fig. 11. Combustion gases enter a turbine at atmospheric
pressure. A partial vacuum is created at the turbine exit by a compressor, which draws the gases through 
the turbine. On leaving the turbine, the gases are cooled by a heat exchanger before being drawn into the
compressor. Although the compressor pulls the gases through the system, enough power is developed by
the turbine to drive the compressor and an alternator. This mode of gas turbine operation is known as the
inverted Brayton cycle [10].
For a domestic CHP load of 1 kW, the positive Brayton cycle requires minute turbomachinary, which
would have inherently low turbine and compressor efficiencies due to leakage at the rotor tips [11].
However, the inverted Brayton cycle has a lower specific output for a given turbine unit, i.e. a lower
output power per unit mass flow. Consequently, for a given electrical output, the system mass flow and
thus the required turbomachinary would be much larger than for the positive cycle. This allows better
component efficiencies. Hence, for low output power applications such as domestic CHP, the inverted
Brayton cycle might be preferred. Another overall advantage of the inverted cycle for domestic CHP is
safety. It would not require pressurizing the present domestic gas supply. Furthermore, if a leak occurred
in the unit, air would be drawn into the system, rather than fumes being exhausted into the house. The
feasibility of the inverted cycle for domestic use was analyzed to evaluate cycle efficiencies at low output
powers. This showed that for an output power of 1 kW an efficiency of 25% was possible by recirculating
the exhaust gases back into the system. Clearly, much work is needed before the suitability of the inverted
cycle gas turbine for domestic CHP can be established, including the construction of safe and reliable
demonstration model.
Fig. 11. Inverted Brayton cycle
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9. Conclusions 
As part of a continuing investigation into the possibilities of small scale CHP in the home, a  high 
speed permanent magnet cylindrical 1 kW alternator has been designed and produced. The machine was 
tested by attaching it to the turbine of a commercial turbocharger and driving it with compressed air. 
Speeds of up to 36,000 rpm were reached before vibrations within the turbogenerator became excessive. 
For a stator winding current density of 3 A/mm2, the alternator produced a power output of 360 W at 
32,000 rpm, approximately a quarter of its 125,000 rpm design speed. The potential use of the inverted 
Brayton cycle as an operating mode for a turbocharger acting as the unit’s prime mover was also 
discussed. 
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